I n the last decades, progress has been made in obtaining insight into the molecular mechanisms underlying platelet adhesion to exposed extracellular matrix components, subsequent platelet activation, and thrombus formation.
bleeding disorder characterized by a lack of α-granules within platelets (gray platelet syndrome), combined with the generation of Nbeal2 −/− mice, 17 provides a means to investigate the subcellular localization and role of MMP family members in more detail. Most MMPs are produced in a latent pro-MMP form, which can be enzymatically activated on platelet activation. For instance, platelet MMP-14 activates MMP-2 on the platelet surface presumably by forming a complex with tissue inhibitor of metalloproteinases-2 (TIMP-2). 5 Ample evidence exists that recombinant MMP-1 15, 18 and MMP-2 12, 13, [19] [20] [21] potentiate adhesion or aggregation of human washed platelets or platelet-rich plasma in vitro, whereas MMP-9 exhibits an inhibitory effect. 6, 13, 21, 22 Less well studied is the role of these MMP family members in platelet activation under physiological whole blood flow conditions. To date, only for MMP-2, a role in in vivo thrombus formation has been reported. 23 In addition, even less is known about possible roles of MMP-3 and MMP-14 in platelet activation.
Next to their proposed effects on platelet function, MMPs are important in the physiological turnover and pathophysiological remodeling of the extracellular matrix. These vascular actions have been confined especially to the collagenase (MMP-1, MMP-8, and MMP-13) and gelatinase (MMP-2 and MMP-9) classes of MMPs that have, respectively, interstitial collagens I, II, and III and denatured collagens as major substrates. 24 Although the collagenolytic activity of platelets has already been described in 1974, 25 it is unclear which platelet-associated MMP family members exert this activity. We hypothesize that proteolytically active MMPs associate with platelets locally at the site of injury, where they can act on both thrombus formation and underlying matrix components. For this study, a systematic comparison was made of the roles of different MMP family members on platelet activation and thrombus formation under physiological arterial flow conditions, using an established flow chamber model. 26 Furthermore, platelet-collagenolytic activity was assessed over time using 3 different substrates in the presence of MMPspecific inhibitors.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Differential Modulating Effects of MMPs on Platelet Activation and Thrombus Formation Under Arterial Flow Conditions
Human whole blood preincubated with MMP-specific inhibitors or blood from mice deficient in MMP-2, MMP-3, and MMP-9 was perfused over a fibrillar type I collagen surface at a von Willebrand factor-dependent shear rate of 1000/s to systematically compare the roles of these MMPs on platelet activation and thrombus formation. Pharmacological inhibition of MMP-1 or MMP-2 resulted in significantly diminished platelet activation and surface area covered with platelets, whereas MMP-9 or MMP-14 inhibition promoted these processes ( Figure 1A and 1B) . Strikingly, inhibition of the membrane-inserted MMP-14 led to the formation of fewer but larger thrombi (Figure 2) , which seemed to be more stable in time (visual inspection during real-time microscopic monitoring). Interestingly, MMP-9 inhibition seemed to be without significant effect on thrombus size (P=0.37), whereas platelet spreading was increased (visual inspection during real-time microscopic monitoring). No additive effect of combined MMP-9 and MMP-14 inhibition was found on thrombus size when compared with single inhibition of MMP-14 ( Figure 2 ). This suggests that the action mechanisms by which MMP-9 and MMP-14 potentiate platelet activation and thrombus formation may differ.
Similar to the findings in human blood, the absence of MMP-2 and MMP-9 in the murine system had an opposing effect. Thrombi formed with blood from Mmp2 −/− mice tended to be smaller (not shown) than wild-type thrombi and were less active as P-selectin expression (CD62P, marker for platelet secretion) and phosphatidylserine exposure (marker for platelet procoagulant activity) was significantly reduced (P<0.05; Figure 1C ). In contrast, perfusion of blood from Mmp9 −/− mice resulted in thrombi that covered an increased surface area (+39%, P=0.04). This was accompanied by higher levels of phosphatidylserine exposure (+42%, P=0.04) and P-selectin expression (+83%, P=0.33) compared with corresponding wild-type mice. Deficiency of MMP-3 had no effect on platelet activation and thrombus formation ( Figure 1C ), and this MMP family member was therefore not included in further experiments. Of note, the roles of MMP-1 and MMP-14 could not be investigated in the murine system as MMP-1 is not expressed in murine platelets and MMP-14-deficient mice suffer from postnatal lethality. 27 Based on their modulating effect on platelet activation and thrombus formation, we next investigated whether MMP-1, MMP-2, MMP-9, and MMP-14 localize on the thrombus surface. Using fluorescently labeled MMP antibodies, we found that MMP-1, MMP-2, MMP-9, and MMP-14 all associate with the membrane of a human platelet thrombus. Addition of isotype-matched control antibodies yielded no detectable levels of fluorescence ( Figure 3) . MMP-1, MMP-2, and MMP-9 associated with the thrombus in a speckled manner, whereas the membrane type MMP-14 seemed to be homogeneously distributed over the thrombus (Figure 3 ).
Glycoprotein VI-Activated Platelets Rapidly Display High MMP Activity on Their Surface
Currently, it is unclear how platelet MMP activity is triggered, as well as its relevance, compared with other sources of MMP activity. Here, we used an OmniMMP fluorogenic substrate to measure platelet-derived MMP activity (membrane bound and secreted) from washed platelets after platelet stimulation with weak (thrombin, 2-MeSADP, and thapsigargin) or strong (convulxin and ionomycin) Ca 2+ mobilizing agents. Interestingly, activation with ionomycin and the glycoprotein VI (GPVI) receptor agonist convulxin (whether or not in combination with thrombin) triggered the highest levels of fluorescent MMP substrate conversion, with a 9.6-fold and 5.2-fold increase, respectively, compared with resting platelets ( Figure  4A ). Stimulation with the weak Ca
2+
-inducing agents showed a trend toward increased MMP activity, although this was not statistically significant. MMP activity was completely inhibited by the general MMP inhibitor phenanthroline ( Figure  4A ), but not by the cysteine, serine, and threonine protease inhibitor leupeptin (10.7 μg/mL, n=5), confirming selectivity of the OmniMMP assay for MMPs. A 10-fold dilution of plasma treated with 4-amino-phenyl mercuric acetate (activating latent MMPs) yielded an MMP activity of 8.5 μg/mL (n=7), which was comparable with GPVI-stimulated platelets (9.4 μg/mL).
Following our findings that MMP-1, MMP-2, MMP-9, and MMP-14 can associate with the thrombus surface ( Figure  3 ) and GPVI agonists being the most potent trigger of platelet MMP activity, we next assessed the subcellular localization of these MMP family members in platelets using confocal microscopy. In resting platelets, MMP-1 and MMP-2 displayed a granular distribution, without significant overlap with the α-granule Given our data that activated platelets rapidly accumulate MMPs on their surface, we next measured the MMP activity of the platelet membrane fraction in comparison with the supernatant of (non)activated platelets. The vast majority of MMP activity after GPVI stimulation was indeed membrane-bound (11.3 μg/mL), compared with 0.5 μg/mL in the supernatant ( Figure 4B ). Kinetic experiments indicated that OmniMMP activity rapidly increased after platelet activation and reached A and  B) . Alternatively, murine blood from Mmp2-, 3-, or 9-deficient mice or matched wild-types was used (C). Blood was perfused over immobilized Horm collagen at a shear rate of 1000/s for 4 minutes. Formed thrombi were stained for phosphatidylserine exposure and CD62P expression by postperfusion with AF647-annexin A5 and FITC-labeled αCD62P mAb, respectively. A, Representative phase contrast and fluorescence images of human thrombi pretreated with MMP-specific inhibitors. B, Bar graphs represent analysis of surface area coverage of human (labeled) thrombi pretreated with MMP-specific inhibitors. C, Bar graphs represent analysis of surface area coverage of (labeled) Mmp2-, 3-, or 9-deficient murine thrombi. Scale bar=50 μm, data are mean±SEM (n=4-7); *P<0.05, **P<0.01. a maximum slope of 37 FU/min 10 minutes after activation, after which MMP activity slowly declined ( Figure 4C ). Knowing that MMP-2 is reported to be activated on the platelet plasma membrane, 5 we specifically measured MMP-2 activity using a cell-based MMP-2 activity assay with a reported sensitivity for MMP-2 in the nanomolar range. Platelet activation with convulxin led to a rapid increase in platelet-bound MMP-2 activity with maximal activity of 1.6 FU/min reached within 5 minutes after activation. Preincubation with MMP-2 inhibitor III completely inhibited MMP-2 activity ( Figure 4D ). In summary, our data suggest that platelets can rapidly display high levels of MMP activity on their membrane. This activity is dependent on platelet stimulation by strong, high cytosolic Ca 2+ mobilizing agents, such as the GPVI receptor agonist convulxin.
MMP-Dependent Collagen Degradation Is Localized at the Site of the Thrombus and Affected by Platelet Activation Status
Given the presence of MMP activity on the membrane of activated platelets, we next investigated the collagen matrix degrading potential of platelet thrombi. Therefore, thrombi were formed ex vivo in a flow device on a combined surface of dye-quenched (DQ) collagen (homogeneous coating on surface) and Horm collagen (fibrillar coating) at arterial shear rate. Plasma and unbound cells were removed by careful rinsing. The absence of white blood cells was confirmed by CD45 staining (not shown). Within 1.5 hours after thrombus formation, fluorescent signals were detected because of cleavage of DQ collagen locally at the site of the thrombi, indicating collagenolytic activity, which was predominantly present at the thrombus core ( Figure 5A ). Similar patterns of thrombus-related fluorescence were obtained when DQ gelatin was used instead of DQ collagen (data not shown). Interestingly, on postaddition of thrombin, thrombus collagenolytic activity was predominantly detected at the thrombus shell of both human and murine thrombi (DQ collagen fluorescence pattern in Figure 5C ). Collagenolytic activity was also found on the fibrillar Horm collagen fibers and platelet membrane tethers, which was most prominent after poststimulation with thrombin (representative fluorescence images, Figure 5C ). Postaddition of phenanthroline immediately after the thrombi were formed led to an almost complete suppression of DQ collagen fluorescence (Figure 5A and 5B). Postaddition of MMP-specific inhibitors resulted in a significant suppression of DQ collagen fluorescence of 40% to 60% depending on the inhibitor used ( Figure 5B ). The comparable effects found with the different MMP-specific inhibitors, suggest a redundancy in the collagenolytic capacity of platelet MMP-1, MMP-2, MMP-9, and MMP-14. A similar reduced thrombus-dependent collagenolytic activity was observed with thrombi made from wild-type, Mmp2 −/− or Mmp9 −/− blood ( Figure 5C and 5D) . Interestingly, no difference was observed with Nbeal2 −/− thrombi, indicating that thrombus-dependent collagenolytic activity is not mediated via α-granule release ( Figure 5D ). This fits with our data that platelet-MMPs are predominantly localized outside platelet α-granules ( Figure I in the online-only Data Supplement).
Alternatively, thrombus-dependent degradation of fibrillar type I collagen was visualized over time using scanning electron microscopy. Type I collagen fibers became visibly thinner within 3 hours of incubation with thrombi, started to fragment at 4 hours, and were nearly completely cleared after 17 hours. Adherent and spread platelets were still present at the site of the thrombus ( Figure 6 ). This process was dependent on MMP activity as addition of phenanthroline prevented degradation of collagen by 75% ( Figure IV in the online-only Data Supplement). To investigate the ability of platelet-degraded collagen to sustain platelet deposition, preformed thrombi (T=0 hour) were incubated with HEPES buffer supplemented with 2-MeSADP/thrombin for 6 hours and then rinsed. Freshly taken DiOC 6 -labeled whole blood was then flowed over the same surface for 4 minutes. Whereas initial thrombus surface area coverage was 22.2±4.5% (T=0 hour), surface area covered by fresh DiOC 6 -labeled blood was greatly reduced to 1.5±0.7% (P<0.001), indicating a loss of platelet adhesive properties of platelet-degraded collagen ( Figure V in the online-only Data Supplement). Of note, labeling with the membrane probe DiOC 6 did not affect platelet adhesive capacity (not shown). In sum, these results show that platelet-associated MMP family members are capable of locally degrading an immobilized collagen matrix in a redundant manner, thereby restricting future thrombus formation in vitro.
Discussion
This study demonstrates, for the first time, that platelet-associated MMP-1, MMP-2, MMP-9, and MMP-14 play a dual role in collagen-dependent thrombus formation. They directly modulate platelet activation and thrombus formation under flow and are capable of degrading the underlying collagen matrix, thereby restricting future thrombus formation.
Using the established multiparameter flow chamber assay, 26 we made a systematic comparison of the role of different MMP family members in whole blood platelet activation and thrombus formation under arterial flow conditions. Interestingly, whereas MMP-1 and MMP-2 enhance, MMP-9 and MMP-14 inhibit platelet P-selectin expression (marker for platelet secretion), platelet procoagulant activity, and thrombus formation. Deficiency in MMP-3 was without effect on these parameters, which is in line with a report that similarly found no effect of MMP-3 inhibition on platelet aggregation in the human system. 18 Our results about the stimulatory function of MMP-1 and MMP-2 extend the finding that MMP-1 can bind to platelet β 3 thereby priming platelets for aggregation 18 and that MMP-2 is involved in the modification of platelet glycoprotein Ib-V-IX and α IIb β 3 resulting in enhanced platelet adhesion and aggregation.
14,22 MMP-1 has also been reported to cleave the N-terminal exodomain of the thrombin receptor, protease-activated receptor-1, resulting in a tethered ligand that activates G protein-coupled receptor pathways in platelets. 15 However, this article received no follow-up in literature to date.
The thrombus inhibiting effects of MMP-9 and MMP-14 seem to be more potent than the stimulatory effects of MMP-1 and MMP-2. We propose that MMP-9 interferes with platelet adhesive properties because we observed increased platelet spreading and surface area covered by thrombi on MMP-9 inhibition, whereas thrombus size was comparable with the vehicle control. Cleavage of platelet CD40L by MMP-9 30, 31 may affect thrombus stability at a later stage. 32 In contrast, MMP-14 was shown to primarily limit thrombus growth and stabilization because both the surface area coverage and the thrombus size were increased in the presence of the MMP-14 inhibitor. The used pharmacological inhibitor of MMP-14 (NSC-405020) does not interfere with the capacity to activate MMP-2, 33 suggesting that the other targets for MMP-14 on the platelet surface may exist. As NSC-405020 directly interacts with the hemopexin domain of MMP-14, possible targets for MMP-14 could be linked to the homodimerization of MMP-14 or its collagenolytic activity. 33 Our observation that MMP-1, MMP-2, MMP-9, and MMP-14 associate with thrombi formed on collagen under flow was substantiated by our finding that MMP-1 and MMP-2 rapidly relocate from granule structures inside the platelet to the plasma membrane of activated platelets. The membrane-type MMP-14 localized on the plasma membrane of both unstimulated and activated platelets. Although we could not detect MMP-9 protein in resting or activated platelets, we did observe that activated platelets bind plasmaderived MMP-9, which likely accounts for the MMP-9 binding to thrombi observed in Figure 3 . Based on our findings, it is tempting to conclude that MMP-9 is most likely absent or present in neglectable amounts in platelets. However, given the persistent debate in literature on this topic, we decided to perform an extensive literature search and found 26 original research reports in which the presence of MMP-9 was examined in human, mouse, or rat platelets. Interestingly, in 11 of 26 reports, MMP-9 was detected in platelets, whereas in the other 15 reports, it remained undetectable (Table I in the online-only Data Supplement). We here summarize key underlying reasons for this discrepancy and provide several recommendations for future studies and reporting findings: (1) platelet MMP-9 levels might be below the detection limit of some of the assays used. It is therefore of importance that authors state both the detection limit of their assay and the final sample concentration; (2) buffers containing EDTA or sodium orthovanadate (Na 3 VO 4 ) have reported inhibitory effects on MMP activity and should be avoided when determining MMP-9 activity using zymography 11 ; (3) potential contamination of the platelet sample with CD45 + leucocytes could lead to a false-positive signal as CD45 + leucocytes contain considerable levels of MMP-9.
9,29 Analysis of the purity of the platelet sample (eg, by flow cytometry) is thus highly recommended; (4) When detecting platelet MMP-9 levels in a plasma environment, it should be taken into account that plasma MMP-9 can bind to activated platelets (this article). In line with this finding, platelet preactivation during blood drawing and sample preparation should be minimized to avoid plasma MMP-9 binding to the platelet plasma membrane.
We demonstrate that MMPs not only accumulate on the platelet plasma membrane but also display MMP activity. Platelet MMP activity was the highest after stimulation with strong high calcium-mobilizing agents, such as the platelet collagen GPVI receptor agonist convulxin, and reached a maximal activity after 5 to 10 minutes of activation (MMP-2 and OmniMMP substrate, respectively). At first sight, our findings may challenge reports showing that platelet-derived MMP activity after collagen stimulation is mainly confined to the supernatant 21 and not the platelet-membrane fraction. 5, 15 However, others that demonstrated release of MMP-2 and MMP-9, simultaneously also showed the association of these MMP family
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December 2015 members with the platelet surface. 6, 13, 14, 18, 23 In addition, Chesney et al 25 found that collagenase exhibits its highest activity in the platelet membrane fraction, which is in line with our findings. We postulate that nonuniformity in the use of platelet agonists and in the definition of platelet supernatant may explain part of the discrepancies in literature about platelet-derived MMP activity. In our hands, agonists evoking sustained high cytosolic Ca 2+ levels, such as collagen, are strong inducers of plateletexposed MMP activity. In addition, here we define supernatant as the fraction that is secreted from (non)activated platelets, that is, the platelet releasate. This differs from the study by Trivedi et al, 15 in which supernatant is referred to as the lysate of centrifugated (non)activated platelet pellet. In this case, it is expected that the actual platelet releasate is lost during the procedure and is only a fraction of the actual supernatant. 15 Next, we investigated a potential physiological role for platelet membrane-associated MMP activity and found that in vitro-formed thrombi effectively cleave immobilized DQ collagen or degraded fibrillar type I collagen within hours after formation. This led to a marked restriction of future thrombus formation in vitro. Hereby, our findings add to emerging knowledge on the existence and nature of persistent thrombus activities. 34 Interestingly, the core of the thrombus seemed to be most active in cleaving DQ collagen. However, on postaddition of thrombin, the thrombus-mediated MMP activity was predominantly present at the outer shell of the thrombi. Plateletassociated MMP-1, MMP-2, MMP-9, and MMP-14 (human/ mouse) mediated this collagenolytic activity in a redundant manner. The absence of platelet α-granules (Nbeal2 −/− ) did not affect thrombus-mediated collagenolytic activity, which fits with our observation that subcellular localization of MMP-1, MMP-2, and MMP-14 does not significantly overlap with the α-granule constituent P-selectin. Hereby, our data shed new light on the contrasting findings reported in literature about proposed colocalization of MMP-1 and MMP-2 with α-granules. 12, 16 In sum, first, we show that MMP-1 and MMP-2 stimulate platelet activation and thrombus formation under arterial flow, whereas MMP-9 and MMP-14 act inhibitory on these processes. Second, we demonstrate that the membrane fraction of collagen-stimulated platelets exerts high levels of collagenolytic activity, which leads to localized degradation of immobilized collagen fibers and restriction of future thrombus formation. Platelet-associated MMP-1, MMP-2, MMP-9, and MMP-14 have redundant roles herein.
